T cell activation leads to dramatic shifts in cell metabolism to protect against pathogens and to orchestrate the action of other immune cells. Quiescent T cells require predominantly ATP-generating processes, whereas proliferating effector T cells require high metabolic flux through growth-promoting pathways. Further, functionally distinct T cell subsets require distinct energetic and biosynthetic pathways to support their specific functional needs. Pathways that control immune cell function and metabolism are intimately linked, and changes in cell metabolism at both the cell and system levels have been shown to enhance or suppress specific T cell functions. As a result of these findings, cell metabolism is now appreciated as a key regulator of T cell function specification and fate. This review discusses the role of cellular metabolism in T cell development, activation, differentiation, and function to highlight the clinical relevance and opportunities for therapeutic interventions that may be used to disrupt immune pathogenesis.
Metabolic Regulation of T Lymphocytes

INTRODUCTION
One of the most fundamental cellular requirements is the ability to access sufficient and appropriate nutrients to support essential cellular functions. As cells are stimulated to grow, proliferate, or die, their metabolic requirements change, and it is important that cellular metabolism matches these demands.
Although immune cells spend a significant amount of time in blood, where nutrients are generally abundant, the manner in which these cells uptake and utilize nutrients remains of fundamental importance. We now understand that the regulation of nutrient uptake and utilization is critically important for the control of immune cell number and function. Furthermore, the pathways that control immune cell function and metabolism are intimately linked. These associations and newly found coordination between the immune system and classical metabolic tissues now provide new opportunities to impact immune function in both healthy and diseased states. The study of cellular metabolism and the manner in which metabolism can change in proliferative tissues and cells has a rich history. In a seminal finding nearly a century ago, Otto Warburg (1) first observed that rather than relying on mitochondrial oxidative pathways for maximal energy generation, cancer cells use the less efficient process of glycolysis, producing lactic acid even in the presence of sufficient oxygen (2) . Interestingly, Warburg was also one of the first to study leukocyte metabolism and found the same to be true of activated leukocytes: Resting leukocytes use primarily an aerobic oxidative metabolism, whereas stimulation leads to a shift toward glycolysis as the primary metabolic program (3) . These findings were contrary to classical biochemistry of the time for mammalian cells, as it was believed that cells would rely on the conversion of pyruvate to lactate only when mitochondria were damaged or if oxygen was not present. As these cells used glycolysis even in the presence of oxygen, this metabolic program was termed aerobic glycolysis.
The similarity of cancer cell and activated lymphocyte metabolism is not coincidental and begins to explain why cells may choose aerobic glycolysis over more energy-efficient mitochondrial oxidative pathways. In the end, metabolism must match cell functional demands, and both cancer cells and stimulated lymphocytes are signaled to grow and rapidly proliferate. They share, therefore, a metabolic demand to prioritize efficient and rapid biosynthesis over efficient energy/ATP production. The shift from oxidative metabolism to glycolysis is perfectly suited to match this shift in metabolic demand, as oxidative metabolism funnels glucose-derived pyruvate to the mitochondria for oxidation potentially down to carbon dioxide, and glycolysis produces many intermediates that can be used for biosynthesis (Figure 1 ). In addition to increased glycolysis, some glucose transitions through the mitochondria and a portion of the tricarboxylic acid (TCA) cycle to generate citrate for lipid synthesis. To allow continued TCA flux as citrate molecules are removed to produce lipid membranes, glutamine oxidation increases in a process of anapleurosis that can provide α-ketoglutarate for the TCA cycle and metabolic intermediates for biosynthesis of a variety of macromolecules. Thus, although aerobic glycolysis is best characterized by increased rates of glycolysis, coordinated action of glycolysis and mitochondrial metabolism is essential.
The molecular details of how T cell metabolism is regulated, and how changes in metabolism impact cell function, are now becoming apparent. In particular, resting T cells appear to oxidize glucose-derived pyruvate along with lipids and amino acids. Upon activation, glycolysis increases along with glutamine oxidation. Lipid oxidation, however, decreases sharply, and lipid synthesis rather than oxidation is favored. At the end of an immune response, most cells die. The cells that survive to become memory cells, however, revert back to lipid oxidation and an increased capacity for efficient energy generation.
Both maintenance of basal oxidative metabolism in the resting cell and the transition T cell metabolic programs match functional demands. Resting T cells oxidize glucose-derived pyruvate, along with lipids and amino acids, to efficiently produce ATP/energy required for immune surveillance. Upon activation, lipid oxidation is downregulated, and glycolysis increases along with glutamine oxidation, in order to produce biosynthetic precursors required for rapid cell growth and proliferation. At the end of an immune response, the cells that survive to become memory T cells revert back to lipid oxidation with increased capacity for efficient energy generation.
T cell receptor (TCR):
recognizes antigen presented by an MHC molecule on an adjacent cell and, via complex with CD3 signaling molecules, provides the first signal in T cell activation Glut1: ubiquitously expressed glucose transporter that is critical for hematopoietic cell glucose uptake to glutamine and glucose uptake and aerobic glycolysis in activated T cells are highly regulated processes that are controlled both transcriptionally and posttranscriptionally. These intracellular processes are regulated by specific extracellular signals that shape cell metabolism so that activated lymphocytes are metabolically distinct from resting cells and have the appropriate nutrient input to meet their functional demands. Even lymphocyte subsets show metabolic distinctions that may reflect specific functional needs. Our current understanding of these metabolic processes in lymphocytes is discussed in this review, with consideration given to the clinical relevance of lymphocyte metabolism in states of differentiation, immune dysregulation, and nutritional disorders.
THYMOCYTE METABOLISM AND NOTCH
Lymphocyte development is highly regulated and involves multiple proliferative and selection events prior to the emergence of naive resting T cells from the thymus. Upon arrival from the bone marrow, double-negative (DN) thymocytes initiate V(D)J rearrangement to generate antigen receptors. If a T cell receptor (TCR) β chain is successfully rearranged, DN cells undergo β-selection and transition through the DN3 and DN4 phases of thymic development. This particular selection event then leads to significant proliferation. Interestingly, the glucose transporter Glut1 is specifically induced at this stage and may indicate an increase in glycolysis (4, 5 (6) . Similar to its role in developmental fate, Notch has an essential role in early T cell development. Mice with an inducible knockout of Notch1 during the neonatal period had a severe deficiency of thymocyte development, with developmental arrest of the most immature stage (CD44 + CD25 − ) thymocytes (7) . In contrast, expression of constitutively active Notch1 in hematopoietic stem cells resulted in an ectopic outgrowth of immature CD4 + CD8 + DP T cells in the bone marrow (8) . In addition to promoting hematopoietic stem cell differentiation toward the T cell lineage, Notch signaling is critical in β-selection of DN thymocytes (9) . DN thymocytes atrophied when deprived of Notch signals, with lower Glut1 expression and decreased glycolytic rate, eventually leading to apoptotic death. The mechanism by which Notch signaling promotes thymocyte glucose metabolism is not entirely clear, but Notch can lead to activation of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, which is well established to drive glucose metabolism and aerobic glycolysis in a variety of systems (10) . Inhibition of PI3K or Akt in DN thymocytes suppressed glucose metabolism, whereas overexpression of a myristoylated and constitutively active Akt1 (Myr-Akt) restored glucose metabolism in Notch-deprived thymocytes (9) . Importantly, this overcame the block in early pre-T cell development observed upon disruption of Notch signaling.
RESTING T CELLS
Upon exit from the thymus, mature resting T cells have low metabolic requirements that serve to fuel basal energy generation and replacement biosynthesis. Naive resting T cells are not precisely resting but rather continually migrating through secondary lymphoid tissues on immune surveillance prior to activation. Thus, cytoskeletal rearrangements occur constantly. This process is ATP expensive but requires only basal replacement biosynthesis.
Resting T cells, therefore, have a metabolic balance that favors energy production over biosynthesis. To accommodate this need, resting T cells rely predominantly on the high-energyyielding processes of fatty acid β-oxidation and pyruvate and glutamine oxidation via the TCA cycle. But even resting T cells require cellextrinsic signals to maintain this basal energygenerating metabolism. If T cells are removed from their normal microenvironment, they internalize and degrade Glut1 as well as other nutrient transporters, thus preventing sufficient nutrient uptake to maintain viability. Both the IL-7 receptor (IL-7R) and TCR are important in this process.
IL-7
IL-7 is critically important for T cell growth and survival. It is a prosurvival factor for early thymocytes, resting peripheral naive T cells, and memory T cells. Indeed, defects in this pathway are a cause of severe combined immunodeficiency in humans and mice. IL-7R signaling through the unique IL-7Rα and the common γ chain (γ c ) leads to activation of the Janus kinase JAK3 and phosphorylation of signal transducer and activator of transcription-5 (STAT5) as well as a more delayed activation of the PI3K/Akt signaling pathway (11, 12) . IL-7 is essential for naive T cell survival (13) , and induction of Bcl-2, in particular, plays an important role. Consistent with this role, the expression of a T cell-specific Bcl-2 transgene to inhibit apoptosis was sufficient to rescue the development and survival of IL-7R-deficient T cells (14, 15) . Nevertheless, T cell numbers and function were not completely rescued by Bcl-2, indicating an additional role for IL-7 and the IL-7R beyond simply preventing cell death.
One alternative role for the IL-7R is regulation of basal glucose and amino acid metabolism to meet the needs of quiescent T cells. Normally, T cells that fail to receive normal microenvironmental cues undergo cellular atrophy, with decreased cell size and metabolism that ultimately lead to apoptosis (16) . IL-7 is expressed by stromal cells in T cell zones and plays a key role in preventing atrophy and maintaining resting T cell metabolism. Culture of naive T cells in recombinant IL-7 can partially maintain cell size, glucose uptake, and glycolysis. These changes are linked to the prosurvival effects of IL-7, as glucose deprivation inhibits IL-7-mediated cell survival despite Bcl-2 induction (11). The IL-7R regulates glucose uptake largely through the PI3K/Akt/mTOR pathway, which can promote cell surface trafficking of Glut1 (11, 17, 18) . This regulation of glycolysis by the IL-7R is critical for basal T cell metabolism in vivo, as conditional deletion of the IL-7R in mature T cells in vivo leads to cellular atrophy and an inability to maintain glycolysis (19) . In addition to metabolizing glucose, resting T cells oxidize amino acids, and recent studies indicate that IL-7-induced growth of CD8 + T cells is dependent on amino acids and that amino acid transporters are specific targets of IL-7 signaling (20), implying a broad role for IL-7 in resting T cell metabolism.
Antigen Receptor
The TCR also provides a signal to maintain cell homeostasis in the naive T cell population (21, 22) . In the absence of TCR signal, Glut1 expression decreases, thus limiting glucose uptake and subsequent baseline ATP production and biosynthetic capacity, which leads to metabolic stress and apoptosis (11, 16, 23) . Similarly, antigen receptor in B cells is also required to maintain glucose metabolism via PI3K (24) . The manner in which antigen receptor stimulation maintains baseline Glut1 expression in lymphocytes is not completely understood; however, in activation, TCR signaling is sufficient to upregulate Glut1 expression (10), and similar signaling pathways likely exist in resting cells.
T CELL ACTIVATION
Stimulated T cells must rapidly grow, divide, and exert effector function. As a result, the metabolic requirements of T cells increase dramatically upon activation, to support biosynthesis of intracellular constituents including lipid membranes, nucleic acids, and proteins. T cells meet this demand and maintain sufficient intermediate metabolites for cell growth by simultaneously increasing glucose and glutamine metabolism while decreasing lipid oxidation (Figure 1) . Studies on peripheral blood leukocytes, which were first performed by Otto Warburg, showed that glycolysis and lactate production, in particular, are strongly increased upon mitogenic stimulation (3) . More recent studies have found the same for mitogen-activated thymocytes (25) and peripheral T cells (26) . In a more physiologic system, immunization leads to a rapid increase in Glut1 expression, indicating an increase in glucose uptake and metabolism during acute in vivo T cell stimulation (27) . Importantly, these metabolic changes strongly contribute to and are essential for proper T cell function. Excessively increased glucose uptake in T cells with transgenic expression of Glut1 can lead to increased cytokine production and proliferation and, ultimately, to lymphoproliferative disease (23, 27) . Conversely, inadequate nutrients or direct metabolic inhibition prevents T cell activation and proliferation (23, 28) . If prolonged, this can lead to T cell anergy (29) or cell death. Consistent with a metabolic requirement or checkpoint in effector T cell (Teff) proliferation and function, the glycolytic inhibitor 2-deoxyglucose (2DG) can protect animals from experimental autoimmune encephalomyelitis (EAE) (30) . The metabolic program of activated T cells is regulated at both the transcriptional and posttranscriptional levels ( Table 1) . Given the similar metabolic demands and glycolytic programs of cancer cells and activated T cells, it is not surprising that regulatory mechanisms to promote aerobic glycolysis are shared between these otherwise diverse cell types.
TRANSCRIPTIONAL
REGULATORS OF METABOLISM c-Myc
The oncogenic transcription factor c-Myc contributes to a wide variety of human cancers and regulates many genes instrumental in both the cell cycle and metabolism. Among the processes regulated by c-Myc are glucose and glutamine metabolism and mitochondrial biogenesis. Specifically, c-Myc can direct the expression of all the glycolytic genes, including Glut1, lactate dehydrogenase A (LDHA), PKM2, and hexokinase 2 (31), as well as glutaminase and the glutamine transporters SLC3a2, SLC5A1, and SLC7A1 (32, 33) . In T cells, c-Myc is induced upon activation and promotes T cell growth and entry into the cell cycle (34) (35) (36) . Recently, a role for c-Myc in T cell metabolism was found using an in silico approach to identify transcription factors whose gene targets correlated with changes in metabolic gene expression upon T cell stimulation (36) . Subsequently, the acute genetic deletion of c-Myc in mature T cells inhibited the upregulation of glycolytic and glutaminolytic gene expression in stimulated T cells that correlated with a failure of c-Myc-deficient cells to proliferate. Importantly, the inability of c-Myc-deficient T cells to upregulate metabolic gene expression was evident early after activation, at a time prior to entry of T cells into the cell cycle. Thus, although it was not possible to fully exclude secondary effects of altered proliferation, c-Myc deficiency appeared to directly regulate T cell metabolism. The metabolic role for c-Myc in T cells is quite broad. In addition to driving expression of the entire program of glycolysis, c-Myc is essential for T cells to upregulate glutaminolysis to generate α-ketoglutarate (36) . This pathway may be particularly important in aerobic glycolysis to feed the TCA cycle in a process termed anapleurosis; it also allows continued flux of glucose-derived citrate to leave the mitochondria and be used in lipid synthesis. In addition, α-ketoglutarate can provide a precursor for polyamine synthesis, which may be important in DNA synthesis and replication. Glutaminase is critical for glutamine metabolism, and c-Myc is essential to induce glutaminase 2 (Gls2) (36, 37) . Gls1 is also a c-Myc target, can be induced at later time points, and, as shown by RNAi, is essential for T cell proliferation (37) . These data match findings in cancer, in which c-Myc promotes glycolysis and glutaminolysis while rendering cells highly dependent on glutaminolysis for growth and survival (38) . Glutaminase inhibitors, therefore, are of interest in cancer and are likely also immunosuppressive.
Nuclear Hormone Receptors in T Cell Metabolism
The increased glucose metabolism of activated T cells requires the coordination of multiple transcriptional programs to simultaneously increase glycolysis, glutaminolysis, and lipid and cholesterol synthesis, while preventing lipid oxidation and sterol efflux. Despite the critical role for c-Myc in glucose and glutamine metabolism, mitochondrial pathways, such as the TCA cycle and electron transport, were not strongly affected by c-Myc deficiency in T cell activation (36) . Changes in lipid metabolism were likewise not entirely reliant on c-Myc (36) . Thus, additional transcriptional mechanisms must be employed to induce the mitochondrial biogenesis and upregulation of genes required for the TCA cycle and electron transport as well as lipid synthesis. A number of additional transcriptional mediators, including several nuclear hormone receptors, have been recently identified to regulate these aspects of T cell metabolism.
The estrogen-related receptors (ERRα, β, and γ; NR3B1, 2, and 3, respectively) are a subfamily of nuclear receptors with established roles in regulating both glycolytic and mitochondrial metabolic pathways (39, 40) . These orphan receptors have homology to estrogen receptors and are thought to have constitutive transcriptional activity that is regulated by cofactor interactions with transcription factors such as PGC1α/β (peroxisome proliferatoractivated receptor gamma coactivator 1) and deacetylation by Sirt1 (sirtuin 1) (41). Expression of ERRβ is not well characterized in the immune system, but ERRα is ubiquitously expressed in lymphocytes and macrophages. ERRα is best described in classical metabolic tissues, including muscle and adipose, where it can promote expression of target genes involved in mitochondrial biogenesis, fatty acid metabolism, and oxidative phosphorylation. Functionally, ERRα −/− animals have systemic nutritional defects and do not respond well to metabolic stress conditions (39, 42, 43) . ERRα expression is also associated with a number of cancers and correlates with poor prognosis (44) (45) (46) (47) , and Drosophila ERR has been shown to be important for larval carbohydrate metabolism to support rapid cell growth and proliferation (48) . ERRγ can have the opposite function to that of ERRα and can be expressed in T cells (40, 49) . These data suggest a broad role for ERR family members in metabolism and metabolic transitions (39, 40) .
Recent data also point to a potentially key role for ERRα and ERRγ in immune function. It was shown in macrophages that IFN-γ signaling can induce PGC1β-dependent upregulation of ERRα to promote the generation of mitochondrial-derived reactive oxygen species. This pathway was important in macrophage immunologic function, and ERRα −/− macrophages failed to efficiently clear the intracellular pathogen Listeria monocytogenes (42) . In addition, we recently demonstrated that ERRα regulates metabolic pathways critical for T cell activation and differentiation (50) . ERRα deficiency or inhibition in T cells decreased the induction of a variety of T cell metabolic genes upon activation. Primarily mitochondrial genes that allow efficient usage of glucose through aerobic glycolysis were affected by ERRα inhibition, but Glut1 and glucose uptake were also affected. Although it is not entirely clear which effects were directly due to inhibition of ERRα, this phenotype may be reminiscent of ERR-mutant Drosophila in that ERRα-deficient T cells appear to be poor at using glucose as a fuel for cell growth. Immunologically, ERRα deficiency or inhibition reduced inflammatory cytokine production and decreased generation of Teffs in an EAE model. In contrast, ERRγ deficiency is seen in the systemic lupus erythematosus (SLE) susceptibility allele Sle1c2 and leads to decreased mitochondrial function and increased glucose metabolism (49) . This phenotype is reminiscent of findings in T cell-specific Glut1-transgenic animals that have elevated glucose metabolism and that develop a systemic inflammatory disorder (23, 27) . Thus, ERRα and γ appear to be selective transcriptional regulators of Teff metabolism that may provide metabolic targets to modulate immunity.
Regulation of lipid metabolism is also critical in T cell growth and activation, as cells must shift from lipid oxidation for ATP to lipid synthesis to make membranes for cell growth. This process is controlled in part through liver X receptors (LXRs). LXRα and LXRβ are www.annualreviews.org • T Lymphocyte Metabolismmembers of the nuclear receptor family and regulate cholesterol and lipid homeostasis. In particular, LXRs function to promote cholesterol efflux that balances lipid synthesis pathways stimulated through SREBP (sterol regulatory element-binding protein) transcription factors. In T cells, antigenic stimulation is followed by decreased LXR activity and increased activity of the SREBP-2 pathway for lipid and cholesterol synthesis (51) . These changes in lipid and cholesterol homeostasis are critical for Teff activation and function, as pharmacologic activation of LXR can reduce T cell proliferation and inflammatory function in response to immunization or in EAE (51) (52) (53) . LXRβ −/− animals developed splenomegaly, and T cells, upon stimulation, showed increased proliferation and cytokine production (51) . Importantly, when ATP-binding casette transporter G1 (ABCG1)-dependent sterol transport was inhibited, LXRβ signaling was uncoupled from T cell proliferation, and LXRβ agonism was unable to suppress proliferation. These data suggest that LXRβ and regulation of cholesterol and lipid efflux versus synthesis act as key regulators of T cell proliferation.
POSTTRANSCRIPTIONAL REGULATORS OF T CELL METABOLISM The PI3K/Akt/mTOR Pathway Coordinates Cell Growth
Increased glycolysis and metabolic reprogramming upon T cell activation are costimulation dependent (54) . In particular, CD28 signaling to activate the PI3K/Akt/mTOR pathway is critical. This pathway plays a number of key roles to promote the glucose metabolism and aerobic glycolysis essential for cell growth and proliferation. Activation of PI3K as a consequence of CD28 ligation leads to generation of phosphatidylinositol 3-phosphate, which recruits Akt isoforms 1-3 and 3-phosphoinositide-dependent protein kinase-1 (PDK1) to the cell membrane. PDK1 then phosphorylates Akt, which, together with phosphorylation by the mTOR complex 2 (mTORC2), activates Akt. In turn, Akt initiates a signaling cascade that results in the activation of mTORC1. Both Akt and mTORC1 can then promote aerobic glycolysis to support Teff growth and function.
Although Akt and mTORC1 can influence gene transcription through a number of mechanisms, these kinases also promote glucose metabolism via posttranslational effects. Akt plays a key role in the regulation of glucose transporters and glycolysis. A family of 14 facilitative glucose transporters mediates glucose uptake. Akt is well characterized in classical metabolic tissues to promote Glut4 translocation to the cell surface in response to insulin signaling. T cells do not typically express Glut4 and instead predominantly express Glut1. We and others have shown that Akt also promotes trafficking of the glucose transporter Glut1 to the cell surface and prevents Glut1 internalization upon activation (10, 55) . Akt can similarly promote cell surface trafficking of amino acid transport proteins (56, 57) . The mechanism by which Akt controls Glut1 trafficking in lymphocytes is not certain; however, in other systems, TBC1D1 and TBC1D4 act as Akt substrates that can modify Glut1 trafficking to the cell surface (58) . Both TBC1D1 and TBC1D4 are GTPase-activating proteins in the Rab family, and Rab proteins play important roles in the trafficking of proteins, including Glut1. For example, Rab11 can promote increased endosomal recycling of Glut1 to the cell surface (59), whereas Rab7 promotes Glut1 trafficking to lysosomes (60, 61) . In addition to stimulating Glut1 cell surface trafficking, Akt can directly phosphorylate glycolytic enzymes to promote increased glycolytic flux. For example, hexokinase II (HKII) can be phosphorylated by Akt to promote HKII localization to the mitochondria and increased enzymatic activity (62, 63) .
Downstream of Akt, activation of mTORC1 also promotes posttranslational events to stimulate aerobic glycolysis and coordinate pathways to support cell growth (64) . One of the major functions of the mTORC1 complex is to phosphorylate 4EBP and p70S6 kinase (p70S6K) to AMP-activated protein kinase (AMPK): metabolic regulator that senses energy deficiency whose activation promotes ATP-producing metabolic pathways while downregulating ATP-consuming pathways promote increased protein translation. Activation of p70S6K may mediate many of the direct glycolytic effects of mTORC1, as p70S6K deficiency prevents increased glycolysis in PTENdeficient cells (65) . SREBP2 is also activated by mTORC1 to promote lipid synthesis (66) . This increase in lipid synthesis is coordinated with an Akt/mTORC1-dependent decrease in expression of CPT1a. As a rate-limiting factor in lipid uptake into mitochondria for oxidation, reduced CPT1a lowers lipid oxidation and conserves lipids for growth rather than for ATP generation (67) . The mTORC1 complex has been particularly important in regulation of T cells as the target of the immunosuppressant rapamycin. Indeed, rapamycin treatment prevents increased glycolysis upon T cell activation and blocks T cell growth and proliferation, leading instead to a state of anergy (68) .
AMP-Activated Protein Kinase
Working in opposition to mTORC1 is the AMP-activated protein kinase (AMPK) complex. Whereas mTORC1 promotes anabolic processes to stimulate cell growth, AMPK is a well-known energy regulator that maximizes energy generation by promoting catabolic pathways (69) . The AMPK complex is activated by an increased ratio of AMP to ATP and requires phosphorylation. Several kinases can activate AMPK, including liver kinase B1 (LKB1) and calcium/calmodulin-dependent protein kinase kinase II (CaMKKII) (70) . LKB1 was first identified as the tumor suppressor responsible for Peutz-Jeghers syndrome, an autosomal dominant disorder that leads to intestinal hamartomas, mucocutaneous lesions, and an increased risk of spontaneous epithelial carcinomas (71, 72) . LKB1 is essential for AMPK activation under conditions of bioenergetic stress (73) (74) (75) , and T cell-specific knockout of LKB1 resulted in a partial blockade in thymocyte development at the DN3-4 transition and an overall reduction in peripheral T cells (76) (77) (78) . T cells lacking LKB1 displayed defects in cellular proliferation and survival upon activation and in response to metabolic stress (78).
LKB1-deficient T cells also displayed alterations in both glycolytic and lipid metabolism, with increased rates of glycolysis and decreased ability to upregulate lipid oxidation under stress (78) . Despite poor proliferation, LKB1-deficient T cells showed increased levels of T cell activation marker expression and inflammatory cytokine production at baseline and increased inflammatory cytokine production upon TCR stimulation (78) . AMPKα1
−/− T cells also showed decreased ability to respond to metabolic stress and to transition from glycolytic and anabolic metabolism to lipid oxidation and catabolic metabolism but lacked the activation or cell survival defects of LKB1 deficiency (78) , suggesting that other LKB1 substrates may regulate T cell survival and proliferation. AMPK is transiently activated not only under conditions of metabolic stress but also upon T cell activation, although calcium-mediated activation of CaMKKII may mediate this effect (70) . The precise role and regulation of AMPK in early activation of T cells is unknown, but the complex may allow T cells to rapidly stimulate energy-generating processes to prepare cells for rapid cell growth.
When activated, AMPK promotes energy generation and inhibits mTORC1 activation. AMPK has a wide variety of metabolic substrates, including acetyl-CoA carboxylase. Acetyl-CoA carboxylase phosphorylation by AMPK inhibits malonyl-CoA synthesis (69) , and, as malonyl-CoA is a precursor in lipid synthesis and an inhibitor of CPT1a, this suppresses lipid synthesis and instead promotes lipid oxidation. AMPK can also phosphorylate tuberous sclerosis complex 2 at a site that prevents mTORC1 activation (68) . This regulation of mTORC1 by AMPK may be critical to balance these opposing pathways, as AMPKα1 −/− T cells had high basal levels of mTORC1 activation and glycolysis (78) . ULK1 and ULK2 are also AMPK substrates and can promote autophagy (79) . Autophagy leads to the engulfment and lysosomal degradation of cytoplasmic material and plays roles both in cellular quality control and as an intracellular source of nutrients if
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MACROAUTOPHAGY
Macroautophagy is a metabolic stress response pathway activated by AMPK and suppressed by mTORC1 that leads to engulfment and lysosomal degradation of intracellular cytoplasmic organelles or material. This process is highly conserved and can provide a nutrient source when extracellular nutrient uptake is insufficient to meet cell demands. In particular, degradation of long-lived proteins or cytoplasmic membranes can supply amino acids or lipids to mitochondria for oxidative metabolism when the rate of glycolysis is low (154) . Autophagy is induced early in T cell activation and is essential for T cell proliferation and survival (80, 155) . Both inhibition of autophagy and conditional knockout of Atg7 (a key autophagy-related protein) in T cells suppress activation (81) . Autophagy may provide an essential metabolic fuel source and/or serve as a mechanism for cellular remodeling as a way to remove potentially damaged mitochondria and regulate mitochondrial turnover during T cell development (156) . Autophagy has also been shown to contribute to antigen presentation on MHC class II molecules expressed on dendritic cells and is critical for thymic epithelial cells, in which it plays a key role in thymocyte selection (157) . Altogether, autophagy has a central role in regulating energy metabolism in lymphocytes. extracellular nutrient uptake is insufficient (see Macroautophagy sidebar). T cell stimulation leads to a transient activation of autophagy that is essential for T cell survival and activation (80, 81) , and AMPK may contribute to this response.
METABOLIC EFFECTS ON T CELL ACTIVATION AND MEMORY
T cell metabolism is intimately linked to T cell function and differentiation. Upon recognition of cognate antigen in the presence of self-MHC and costimulatory signals, T cells grow, proliferate, and ultimately differentiate into distinct subsets that possess unique roles in maintaining functional responses and regulating immune homeostasis (82) . Activated CD4 + T cells can respond to specific cytokine signals to differentiate into distinct helper T cell (Th) subsets that contribute to cellular, humoral, and mucosal immunity or that suppress T cell activation and excessive inflammatory responses (21) . Activated CD8 + T cells differentiate to provide an antigen-specific cytolytic defense against intracellular pathogens and tumors. Importantly, both CD4 + and CD8 + T cells are capable of becoming long-lived memory cells that provide protection against secondary infection. Recently, it has become increasingly apparent that T cell activation does not lead to a uniform metabolic reprogramming in all conditions. In addition to their distinct functions, specific T cell lineages also possess unique metabolic profiles that are essential for their function and maintenance and may offer a new direction for modulation of the immune response (Figure 2 ).
CD4 + T Cell Differentiation
CD4 + effector Th1, Th2,
and Th17 cells (Teffs) and CD4
+ regulatory T cells (Tregs) are the best-defined CD4 + T cell subsets at the metabolic level. The first evidence suggesting that these subsets may be metabolically distinct came from studies dissecting the contribution of mTOR to T cell differentiation. The studies showed that treatment of T cells with rapamycin to suppress mTORC1 prevents Teff cell growth and proliferation, leading to anergy, and promotes Treg generation (83, 84) . In support of these pharmacologic studies, T cell-specific mTOR deficiency showed that mTOR is required selectively in Teffs and that mTOR −/− T cells can only generate Tregs upon activation (85) . Indeed, Tregs have low mTORC1 function basally and instead have increased levels of AMPK activation. Further, stimulation of AMPK in vivo with the AMPK activator metformin can increase Treg numbers (27) . Changes in mTOR signaling and in mTORC1 and mTORC2 also show selectivity among the Teff subsets (86) . Genetic deletion of Rheb selectively prevents mTORC1 activation and suppresses Th1 and Th17 generation but allows Th2 cells to generate normally or potentially to a higher degree. In contrast, deficiency in T cell-specific Rictor, a component of mTORC2, prevents only Th2 cell generation, leaving Th1 and Th17 intact. Altogether, all Teffs require mTOR, but whereas Th1 and Th17 cells require mTORC1 activity, Th2 cells require mTORC2.
Consistent with the opposing metabolic programs coordinated by mTOR and AMPK, it is now clear that CD4
+ T cell subsets are metabolically distinct. In particular, Teffs and Tregs show sharp differences. Activation of mTOR plays a key role in glycolysis and Teff fate. We found that in vitro differentiated Th1, Th2, and Th17 cells cultured in IL-2 each had higher total cellular and cell surface Glut1 compared with Tregs (27) . Although all cells had higher rates of glycolysis than naive T cells, Tregs were also the least glycolytic of the subsets. Importantly, Tregs were not generally metabolically inactive and instead had elevated rates of lipid oxidation and mitochondrial membrane potential that were consistent with the observed high level of phosphorylated AMPK. Similar results, showing preferential glycolysis in Teffs and lipid oxidation of Tregs, were described by Shi et al. (30) .
The metabolic differences between CD4 + T cell subsets likely support important cellspecific functional requirements, but they are also key drivers and essential for the generation and survival of these subsets. The increased Glut1 expression of Teffs prompted examination of T cell subsets in transgenic animals with T cell-specific expression of Glut1. Glut1-transgenic T cells were readily activated and showed increased proliferation and cytokine secretion (23) . As transgenic animals aged, however, a lymphadenopathy and inflammatory disease became evident. Importantly, only Teffs accumulated, and peripheral lymphoid T cells were readily able to produce IL-2, IL-4, and IL-17 in aged Glut1-transgenic animals; Tregs, in contrast, remained at normal frequency (27) . Increased glucose uptake, therefore, is sufficient in vivo to selectively enhance Teff function. Conversely, inhibition of glucose metabolism either by withdrawal of glucose in cell cultures or by the addition of the hexokinase inhibitor 2DG was capable of selectively inhibiting Teffs in vitro (27, 30) . This was true in vivo as well, as treatment with 2DG protected animals from EAE (30) . Modulation of lipid metabolism can also impact Teff and Treg fate, as provision of lipids suppressed Teff generation but enhanced Treg generation, and inhibition of CPT1a and mitochondrial lipid oxidation selectively inhibited Treg differentiation (27) . The balance of cell metabolism by mTOR/AMPK signaling also has important implications for metabolic regulation of neighboring cells. Cobbold et al. (87) showed that the interaction between antigen-presenting cells and Tregs results in the induction of essential amino acids (EAA)-consuming pathways that lead to the depletion of EAA in neighboring naive T cells (87) . The loss of microenviron-
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Hypoxia inducible factor-1α (HIF-1α): transcription factor that is stabilized in response to hypoxia and activated following mTORC1 activation; promotes cellular glycolysis and Th17 differentiation mental EAA disrupts mTORC1 signaling and subsequently primes naive T cells to become Foxp3 + Tregs. The restriction of EAA may also result in anergy in existing Teff populations similar to the aberrant T cell function that occurs in the presence of the leucine metabolism inhibitor N-acetyl-leucine amide (NALA) (29) . Tregs may also exploit metabolic pathways to suppress Teffs by altering glutathione metabolism and inducing oxidative stress (88) .
Similar to the selective regulation of Teff and Treg metabolism by mTOR and AMPK, the hypoxia inducible factor-1α (HIF-1α) is an important transcription factor for selectively regulating the metabolism of Th17 cells. HIF-1α is best appreciated for its role in the hypoxic response, in which hypoxia reduces HIF-1α prolyl-hydroxylation to prevent HIF-1α ubiquitination by the VHL E3 ubiquitin ligase complex (89) . Given hypoxic areas in lymphoid, the gut, and inflamed tissues, this pathway may play an important role in T cell metabolism. HIF-1α can also, however, be regulated by nonoxygen-dependent pathways, such as increased mTORC1-dependent protein translation upon activation of the PI3K/Akt/mTOR pathway. When accumulated, HIF-1α associates with HIF-1β (ARNT) to promote the expression of all glycolytic genes, including the gene encoding Glut1. Although unnecessary to allow T cells to upregulate glycolytic gene expression in the initial day of T cell activation (36) , HIF-1α is selectively expressed in differentiated Th17 cells (30) . HIF-1α plays a key role in T cell fate at this stage, as HIF-1α deficiency suppressed Th17 and instead increased Treg development (30, 90) . The mechanism by which HIF-1α regulates Th17 and Treg development is not certain but appears to involve both metabolic and nonmetabolic pathways. Metabolically, the induction of glycolysis by HIF-1α likely favors Th17 over Tregs. Nonmetabolically, HIF-1α directly increases the transcriptional activity of the Th17-determining transcription factor RORγt at the IL-17 locus. HIF-1α can also bind the Treg-determining transcription factor Foxp3, leading to Foxp3 degradation (90) . The metabolic and signaling interactions of hypoxia and HIF-1α may have broad impact on T cells and will be important for future studies.
CD8
+ T Cell Differentiation and Memory
Like effector CD4
+ T cells, resting CD8 + T cells undergo dynamic shifts in cell metabolism and switch from an oxidative metabolism to aerobic glycolysis upon activation (91) . This transition is essential to support growth and differentiation into cytotoxic T cells capable of dividing every six to eight hours and of producing inflammatory cytokines and the cytolytic granules perforin and granzyme-B. Following pathogen clearance, however, the majority of CD8
+ cytotoxic T cells succumb to apoptosis, although a small percentage further differentiate into long-lived quiescent memory CD8 + T cells. In this phase, CD8 + T cells no longer undergo rapid growth requiring high rates of biosynthesis and instead once again require efficient energy generation to support basic cellular functions and prevent cell death.
The mTOR pathway plays a key role in these metabolic shifts. Although the mTORC1 inhibitor rapamycin can suppress T cell activation when given early, lower or delayed rapamycin treatment did little to impact the primary T cell response but paradoxically increased CD8 + T cell memory (92, 93) . Mechanistically, rapamycin treatment reduced mTORC1 activity and led to increased AMPK phosphorylation that correlated with an increased ability of CD8 + T cells to perform lipid oxidation (93) . Metabolically, He et al. (91) showed that rapamycin inhibition of mTORC1 did not significantly slow the glycolytic metabolism of activated CD8 + T cells, but it did increase lipid oxidation in such a way as to protect cells from apoptosis upon either cytokine or glucose deprivation. Moreover, the signaling protein TRAF6 plays a key role for CD8 + T cells to switch from glycolytic to oxidative metabolism, and TRAF6
−/−− CD8 + T cells had impaired memory responses due to an apparent inability to activate AMPK and induce lipid oxidation Exhaustion: result of chronic T cell stimulation leading to nonresponsiveness (93) . The mechanisms by which TRAF6 regulates metabolism remain unclear, but TRAF6 is a well-described regulator of nuclear factor-κB (NF-κB), which may influence this process (94) .
Similar to resting T cells and CD4 + Tregs, memory CD8
+ T cells not only favor but depend on lipid oxidation. Memory T cells express high levels of the mitochondrial lipid transporter CPT1a, and inhibition or RNAi of this protein diminished mitochondrial function and reduced memory cell survival. Conversely, retroviral CPT1a expression enhanced CD8 + memory cell generation in an adoptive transfer model (95) . Many of these metabolic changes were regulated through the induction of mitochondrial biogenesis and increased capacity of cells to undergo oxidative metabolism under metabolic stress, a characteristic quantified as spare respiratory capacity (95) . Spare respiratory capacity refers to the excess capacity of mitochondria to further induce respiratory metabolism upon metabolic stress. The precise role for spare respiratory capacity and at what point CD8
+ T cells undergo metabolic stress in vivo is not fully understood, but the above findings imply that the metabolic reprogramming of CD8 + T cells from a glycolytic state back to an oxidative state is itself a key element to allow selection and survival of memory cells.
T CELL DYSFUNCTION AND METABOLISM IN ANERGY AND EXHAUSTION
Acute T cell stimulation with foreign pathogens leads to a rapid and productive immune response, as described above. Chronic stimulation with self-antigen or upon chronic infection, however, results in self-tolerance or exhaustion that prevents or reduces T cell proliferation and effector function. In this respect, tolerant or exhausted T cells resemble naive or memory T cells, requiring energy-generating metabolic processes rather than biosynthesis. Evidence increasingly shows that regulation of the balance of oxidative to glycolytic cell metabolism is a component of T cell anergy and exhaustion.
T Cell Anergy
T cell anergy is a state of hyporesponsiveness that acts to silence self-reactive T cells. Anergic cells fail to proliferate or produce appropriate levels of growth-promoting cytokines, such as IL-2, upon stimulation and often result from an absence of CD28-mediated costimulation during TCR engagement (96, 97) . One of the main functions of costimulation by CD28 is to activate the PI3K/Akt/mTOR pathway, which allows full T cell activation rather than induction of anergy. The role of mTORC1 activation in T cell stimulation and anergy is highlighted by the finding that rapamycin is sufficient to induce T cell anergy even in the presence of costimulation (98) . As discussed above, activation of the PI3K/Akt/mTOR pathway stimulates Akt-and mTOR-dependent trafficking of Glut1 and amino acid transporters to the cell surface and upregulates glycolysis and other anabolic processes (59, 83, 99) . Thus, costimulation is a critical step to facilitate the increased nutrient uptake necessary to fuel aerobic glycolysis and multiple anabolic pathways. Failure to receive costimulation therefore prevents stimulated T cells from upregulating glucose uptake and inducing aerobic glycolysis (29) . In addition to reduced glucose metabolism, anergic T cells also fail to upregulate the amino acid transporter CD98 and the transferrin receptor CD71 (29) , which may be important for growth and mitochondrial metabolism. Importantly, the addition of IL-2 is able to stimulate the PI3K/Akt/mTOR pathway in anergic T cells to restore T cell metabolism, growth, and function (100).
T cell anergy may be partially due to an inability of the cell to broadly coordinate metabolic pathways for growth and function. Consistent with this notion, it is now clear that the metabolic pathways themselves can be key regulators of T cell anergy. Directly limiting T cell metabolism during activation with the addition of the glucose analog 2DG or the leucine analog NALA led to T cell anergy (29) . This anergic state was rescued by the addition of IL-2 to activate the PI3K/Akt/mTOR www.annualreviews.org • T Lymphocyte Metabolismpathway, provided that 2DG and NALA were not present. Presence of metabolic inhibitors, however, overcame costimulatory signals, indicating that cell metabolism is necessary downstream of costimulatory signals. Thus, T cell activation requires a metabolic checkpoint, and if glucose metabolism is insufficient, T cells appear unable to fully activate mTORC1 and become anergic rather than activated.
T Cell Exhaustion
Just as an absence of efficient costimulatory signals can result in T cell anergy (97), chronic T cell stimulation can induce a state of T cell nonresponsiveness termed exhaustion as a result of constant antigen exposure during diseases such as chronic viral infection and cancer (101, 102) . Exhausted T cells are unable to provide protection against secondary infection, are defective in their capacity to self-renew through homeostatic proliferation, and have diminished cytokine production and cytolytic capacity. Reactivating exhausted T cells holds potential as treatment for a variety of chronic viral infections. Although the molecular mechanisms of T cell exhaustion are not fully understood, recent studies have started to highlight a potentially important role for cellular metabolism.
In the process of identifying a molecular signature for CD8 + T cell exhaustion in chronic viral infection, Wherry et al. (103) reported that various genes involved in cell metabolism were altered in exhausted CD8 + T cells. Expression of glycolytic genes was reduced, and exhausted T cells instead appeared to favor expression of genes involved in oxidative metabolism. Although correlative, these findings suggest that a deficit in glucose metabolism contributes to T cell exhaustion in much the same way that it contributes to T cell anergy. Further supporting a potential connection of cell metabolism to exhaustion, some of the extracellular inhibitory receptors associated with exhaustion are CD28 family members that have been linked to changes in intracellular metabolic signaling pathways. Multiple studies have implicated the inhibitory CD28 family members cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed death-1 (PD-1) in the suppression of chronically stimulated T cell proliferation and function (104) (105) (106) . In the case of CTLA-4, ligation of this receptor has been shown to terminate PI3K/Akt signaling (107), thereby diminishing glucose metabolism that is required for optimal cell growth and function (23, 54) . Similarly, ligation of PD-1 can inhibit both mTORC1 and mTORC2 signaling, thus diminishing glycolytic metabolism within the target cell (108) . Aside from inhibitory receptors, downregulation of the costimulatory receptor CD28 itself is also observed following repetitive stimulation and in aged individuals (109) , and this may contribute to reduced T cell activity in these cases.
Metabolic changes in T cell exhaustion may also be mediated by extracellular sources. Lymphocyte metabolism is regulated by cytokines that can be disrupted or persist in chronic infection. Cytokines can be potent regulators of Glut1 trafficking and glycolysis, and IL-2 can promote Glut1 expression and glucose uptake in activated T cells (110) . In exhaustion, however, T cells have reduced production of IL-2, and this may contribute to reduced glucose metabolism of exhausted T cells (103) . Navarro et al. (111) demonstrated that, unlike IL-2, the antiviral cytokine type I IFN member IFN-α diminished glucose and glutamine metabolism in activated lymphocytes. This defect was characterized by decreased activity of the metabolic enzymes glucose-6-phosphate dehydrogenase (G6PDH), citrate synthase, and phosphate-dependent glutaminase. The alteration in G6PDH activity limits the generation of glucose-derived nucleotides through the pentose phosphate pathway, thereby limiting the proliferation of the cells. Together, these studies demonstrate that soluble and receptor interactions induce changes in metabolic pathways and machinery in cells that ultimately diminish their ability to utilize aerobic glycolysis for growth. A remaining key concern is to directly establish to what extent failure to induce glucose metabolism and aerobic glycolysis contributes to T cell exhaustion. 20:32 
CLINICAL CORRELATIONS T Cell Metabolism in Autoimmune and Allergic Disease
Unregulated and dysfunctional lymphocyte responses are a hallmark of autoimmune and allergic diseases, such as asthma, arthritis, and SLE. Similar to exhausted T cells, lymphocytes from patients with these diseases are often repetitively stimulated due to repeated or constant antigen exposure. Because of the unbalanced regulation of these immune responses, T cells from allergic and autoimmune models exhibit an altered metabolic profile compared with healthy lymphocytes. Ostroukhova et al. (112) observed increased levels of the glycolytic by-product lactate in the blood of patients that directly correlated with the severity of each patient's asthma. Isolation of CD4 + T cells from either asthmatic patients or a murine model of asthma revealed that these cells exhibited elevated lactate production upon stimulation compared with controls, suggesting that a glycolytic lymphocyte response may contribute to the disease. These effects were partially due to increased expression of the pyruvate dehydrogenase inhibitor pyruvate dehydrogenase kinase 1 (PDHK1), resulting in the inhibition of the pyruvate dehydrogenase complex (PDH) and the promotion of the conversion of pyruvate to lactate instead of to acetyl-CoA. Importantly, the PDHK1 inhibitor dichloroacetate (DCA) limited lactate production and alleviated inflammation and airway responsiveness in mice. Similar findings were reported in a murine model of collagen-induced arthritis, in which DCA treatment reduced glycolysis and disease (113) . These results suggest that the inflammatory response may be limited by both the availability of a metabolic fuel and the cellular machinery that directs it to its final destination-that is, the conversion of pyruvate to acetyl-CoA for mitochondrial oxidation versus the shuttling of pyruvate to lactate to maintain aerobic glycolysis.
The difference between the utilization of metabolic fuel inside and outside the mitochondria is an important consideration when examining the metabolic phenotype of autoreactive lymphocytes from SLE patients. Lymphocytes isolated from SLE patients have increased mitochondrial oxidation and reactive oxygen species generation, which may be due to dysfunctional mitochondria (114) (115) (116) . Similar observations were made in a murine lupus model in which glycolytic flux was indistinguishable from healthy cells, but mitochondrial glucose oxidation was significantly increased (117) . In contrast to asthma, in which elevated PDHK1 levels suggest that glucose is produced by T cells predominantly outside of the mitochondria (112) , the generation of ATP in chronically stimulated cells from autoimmune models is derived primarily from oxidative metabolism. This selective dependency on mitochondrial metabolism may contribute to findings that inhibition of the mitochondrial F1/F0 ATPase can promote apoptotic death of chronically stimulated T cells in models of SLE but not of resting or acutely activated T cells (118, 119) . Increased reliance on mitochondrial metabolism is also similar to other autoimmune pathogenic conditions such as graft-versus-host disease (GVHD) and rheumatoid arthritis (117, (120) (121) (122) .
Bone marrow transplant illustrates another example in which metabolism may impact immunologic disease. If bone marrow is not fully matched, resident T cells can induce GVHD. In GVHD, alloreactive T cells from the donor recognize host MHC and cause direct damage to recipient tissues and organs as well as indirect complications (i.e., infections that result from the increased need for immunosuppressants required to keep GVHD in check). Whereas activated lymphocytes typically use a program of primarily aerobic glycolysis, the strong and chronic activation of alloreactive T cells in GVHD demonstrates increases in both aerobic glycolysis and oxidative phosphorylation (119) . This is specific to the T cells and in contrast to the glycolytic phenotype of the proliferating transplanted hematopoietic stem cells. The alloreactive T cells further exhibit mitochondrial hyperpolarization and increased oxidative stress that can be pharmacologically targeted to selecwww.annualreviews.org • T Lymphocyte Metabolismtively induce apoptosis in autoimmune cells and limit the severity of the disease (119) .
The upregulation of oxidative phosphorylation in GVHD alloreactive T cells is surprising given the typical program of aerobic glycolysis in normally activated T cells and highlights the metabolic dysregulation that can occur in diseased states. Moreover, the contrast between glycolytic metabolism and mitochondrial metabolism in allergic and autoimmune diseases, respectively, demonstrates an important and critical difference for metabolic dependency between chronic versus repetitive stimulation that may provide opportunities for metabolic intervention of specific inflammatory responses.
Nutrition and Immune Cell Metabolism
The metabolic and nutritional status of the organism as a whole also has a critical role in regulating immunity. Obesity is a growing epidemic in developed countries and is associated with life-threatening comorbidities such as diabetes and cardiovascular disease, which increase medical costs and shorten life span. Exacerbating the problem is the lack of effective treatments for obesity. Energy intake in excess of energy requirements leads to a biological response or defense to the elevated level of body fat mass that then leads to a low-level inflammatory state. Weight loss in obese patients is associated with a decrease of inflammatory biomarkers such as C-reactive protein, TNF-α, and IL-6 and is accompanied by improvement of metabolic parameters, especially insulin sensitivity (123) . This was first demonstrated with TNF-α levels, which were found overexpressed in the adipose tissue of obese mice (124) . Loss of TNF-α in murine models of obesity resulted in improved insulin sensitivity and glucose homeostasis (125, 126) , whereas exogenous administration of TNF-α led to insulin resistance (127) .
In addition to TNF-α, other inflammatory mediators and cytokines are also overexpressed in adipose and other tissues in murine models of obesity and in obese humans, and it is now clear that obesity is characterized by a broad inflammatory response (128, 129) . Many inflammatory mediators exhibit patterns of expression and may impact insulin action in a manner similar to that of TNF-α during obesity. Macrophages were initially implicated as the cells that produce the inflammatory cytokines in question, as macrophages and adipocytes colocalize in adipose tissue in obesity (130) . Expansion of adipose tissue leads to the release of chemokines that induce increased recruitment of M1, or classically activated, macrophages, which are characterized by increased production of the proinflammatory cytokines that promote altered gene expression and insulin resistance in adipocytes (as opposed to M2 macrophages, which secrete more anti-inflammatory cytokines) (129) . These changes result in altered adipocyte secretion of cytokines (adipokines), increased lipolysis, and an excess of circulating nonesterified fatty acids, which may eventually contribute to systemic insulin resistance (131) . Subsequently, many mouse studies have knocked out the macrophage inflammatory response pathway and demonstrated that macrophages residing in adipose tissue can in fact contribute to obesityrelated insulin resistance (130) . Moreover, Vats et al. (132) have shown that M2 macrophages preferentially rely on oxidative metabolism like Tregs, whereas M1 macrophages exhibit a highly glycolytic metabolic profile similar to Teffs. These metabolic phenotypes are determined at both the intracellular and extracellular levels, as metabolites present in the tissue environment have been shown to influence the development of these immune responses.
More recently, studies have highlighted the finding that adipose-specific lymphocytes are critical and necessary precursors to the adipose-resident macrophages required for the inflammation and insulin resistance seen in obesity. In 2009, a series of studies demonstrated the importance of adipose tissue-associated T cells in obesity-induced inflammation (133) (134) (135) (136) . Establishment of these VAT-specific Tregs from naive CD4 + T cells depends upon collaboration of both Foxp3 and PPAR-γ expression. Conditional knockout of PPAR-γ in the Treg lineage resulted in decreased VAT-specific Treg numbers but no change in the number of Tregs found in lymphoid tissue (136) . This was accompanied by an increase in some, but not all, adipose tissue-specific monocyte/macrophage subsets. Importantly, use of the PPAR-γ agonist pioglitazone accentuated the accumulation of VAT-specific Tregs and insulin sensitivity in obese mice (136) . This finding suggests a novel mechanism by which the drug pioglitazone promotes insulin sensitivity through regulation of T cells rather than primarily by modulation of PPAR-γ in adipocytes.
Obese individuals exhibit many symptoms of chronic low-grade inflammation that is partially driven by the expansion of Th17 cells. Clinically, obese humans can exhibit elevated levels of IL-17 (137) . Furthermore, obesity can exacerbate disease in IL-17-dependent autoimmune models of EAE and colitis. IL-17 can also inhibit adipogenesis, suggesting that it may be produced in obesity to try to limit fat development. Indeed, IL-17Rα −/− mice are overweight and have more significant obesity following a high fat diet (138) but, interestingly, show enhanced glucose tolerance and insulin sensitivity. The predisposition of obese individuals for a wide range of inflammatory diseases suggests that altered T cell function has a broad impact on diseases that may not be directly linked to adipose tissue.
One key adipokine that may contribute to the inflammation seen in metabolic disease and obesity is leptin. Leptin is secreted by adipocytes in proportion to fat volume and is best known for its effects on regulating appetite and metabolism via signaling at the level of the hypothalamus (139) . However, leptin deficiency also results in altered immune responses, affecting both innate and adaptive immunity (140, 141) . Leptin is a member of the class I cytokine family and signals via the Jak/STAT and Akt pathways, among others, to mediate its effects on immune cell number and function, leading to a proinflammatory (Th1) phenotype (142) (143) (144) . Leptin is particularly important for T cells, as leptin-deficient individuals have decreased T cell numbers, decreased CD4
+ Th cells, increased proliferation of Tregs, and skewed cytokine production, resulting in increased susceptibility to intracellular infections (145) (146) (147) . Administration of recombinant leptin protein to leptin-deficient mice or humans reverses both the metabolic defects and immune abnormalities observed (148) . Moreover, leptin contributes to activation of mTOR in Tregs and has been found to correlate with Treg hyporesponsiveness and constrained Treg proliferation (149) . One could postulate that excess leptin secretion from adipocytes in the obese individual may have paracrine effects on local T cells and macrophages, which may go on to promote the development of the systemic inflammation and insulin resistance seen in metabolic syndrome.
Conversely, malnutrition, which plagues a large proportion of individuals in the developing world, is an immunosuppressive event that reduces immune function and markedly increases the risks and mortality from severe infections (150) (151) (152) . Malnutrition is associated with a deficit of circulating leptin, resulting from generalized wasting and depletion of stores of adipose tissue (139) . In a recent study, peripheral blood T cells were isolated from malnourished children hospitalized for infections. Culture of these T cells with leptin resulted in increased T cell activation following stimulation with PMA-ionomycin, as demonstrated by upregulation of CD25 and CD69 surface expression as well as increased effector cytokine (IL-2 and IFN-γ) production (153) . Thus, leptin itself or the regulatory pathways that control leptin expression or function may be important new targets to promote immunity. This system makes sense evolutionarily, as www.annualreviews.org • T Lymphocyte Metabolismenergy deficiency during times of food scarcity requires downregulation of nonessential and energy-consuming systems and pathways, such as immune cell activation. These concepts can be more broadly applied to augmenting immune response to vaccinations in malnourished children in underdeveloped areas of the world and to preventing infections in critically ill patients in intensive care unit settings.
CONCLUSIONS
Although the immune system has a critical role in protecting against infections and performing tumor surveillance, this task is highly energy demanding and must be finely regulated. We are beginning to understand how pathways that regulate immune cell number, function, and differentiation are linked to those regulating metabolism. These pathways are controlled by both transcriptional and posttranscriptional mechanisms that dictate both cell metabolism and function/differentiation. Manipulation of metabolic programs may offer therapeutic opportunities in altering immune response in conditions of either immunosuppression or inflammation. This has relevance to treatment of infections, vaccine response, tumor surveillance, autoimmunity, and inflammatory disorders. Moreover, the metabolic status of the organism as a whole can affect both lymphocyte function and lymphocyte metabolism on a cellular level. Metabolism, immunity, and nutrition are overlapping and intersecting systems with rich opportunities for development and understanding.
